A graphite sheet has been successfully brazed to a Nimonic 105 superalloy using a commercial TiCuSil paste. A chromium layer was deposited on the graphite surface by sputtering and controlled heat treatments were employed in order to develop a suitable microstructure. Scanning electron microscopy measurements showed rough, crack-free interfaces between the filler metal and both the graphite and nimonic parts. From metallographic examination a well defined layered structure of the metallic elements close to the filler/graphite interface has been found. The metallic elements transport from the interface to the carbon bulk where they fill all the graphite pores up to a depth up of 50 µm and form a layered structure within the pores.
Introduction
Advanced carbon or carbon composite materials are widely used in aerospace or other technological sectors as fusion and fission [1, 2, 3] . Joining of these ceramic materials to metals is required in a number of advanced applications and in many cases these joints have to operate at extreme environments as high temperatures, oxidizing and corrosive atmospheres and under mechanical loads. Successive thermal cycles may generate aging and failure of the joint due to large internal stresses arising from the different thermal expansion coefficients (CTE) of such dissimilar materials. Thus, a modification of the composite surface is important in order to compensate the large CTE mismatch [4] . Further, such a surface modification should assure good adhesion to the ceramic, high temperature phase stability and mechanical strength. Matching of the CTE's requires a graded layer structure which should survive during the joining process and under service conditions.
The work presented here, is the first part of a generic approach for joining industrially produced C f /C or C f /SiC composites to alloys which are of interest to aerospace industry. This approach consists in metallizing the composite surface and, through controlled annealing, in producing a graded film structure strongly bonded to the ceramic. Then, the final optimized structure can be tested by joining it to a metal. Under the above premises commercially available graphite sheet has been chosen for the ceramic part. Carbon materials are of interest to many technological fields, e.g. fusion. However, the choice of graphite was mainly made in order to understand the surface interactions in a simpler structure before attempting to apply this approach to composite structures in which the reactions of both the fibres and the matrix have to be taken into account. As a metallizing species Cr was chosen, as it is a strong carbide former [5] . The Cr was deposited on the graphite by sputtering because this technique allows good control of the film microstructure and thickness. Through a series of vacuum heat treatments the most promising metal-graphite structure was brazed to a Nimonic 105 superalloy. Joining was performed by the use of TiCuSil filler metal. TiCuSil is a commercially available braze filler and it has been applied for joining carbon composites to different metals [4, 6, 7, 8] . The produced joint was crack-free and a good wetting behavior on both the superalloy and the graphite has been observed. Each stage of the processing was monitored by X-ray diffraction and scanning electron microscopy measurements.
Experimental
Commercially available rigid graphite sheets (Goodfellow), purity 99.95%, were selected as the ceramic part. A chromium layer, having a nominal thickness of 2 µm, was deposited by magnetron sputtering at nearly ambient temperature (70 o C). A 2''-diameter Cr target of 99.95% purity was used. The base pressure before introducing the Ar gas was 1×10 -6 mbar and the pressure during deposition was 4×10 -3 mbar. Depositions were performed using a DC power of 120 W, resulting in a deposition rate of 17 Å/s.
Post deposition thermal annealing was performed to the Cr/C structure in order to form a chromium carbide layer at the Cr/C interface ( Fig. 1, left) . The samples were enclosed in a quartz tube and they were annealed in a tubular furnace at 700 o C for various times under high vacuum (10 -6 mbar).
The modified ceramic was brazed to a Nimonic 105 superalloy using an IPSEN VFCK-124 high vacuum furnace and the thermal cycle presented in Fig. 1 . Nimonic 105 is a wrought nickel-cobaltchromium base alloy strengthened by additions of molybdenum, aluminum and titanium. It has been developed for service up to 950 ºC and combines high strength and good creep resistance. The interlayer (filler) metal, TiCuSil alloy (Ag-26.7Cu-4.6Ti wt.%) in paste form (Wesgo Metals), was applied for joining the two parts (Fig.1, left) . X-ray diffraction spectra were collected in the 2θ range 10-90 o using a Siemens D500 diffractometer and a Cu K α source. The brazed samples were cut in the transverse cross-section, mounted in epoxy and polished. The interfacial microstructure was examined employing Quanta Inspect scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS).
Results and discussion
X-ray diffraction (XRD) measurements were performed in the Cr/C samples in order to monitor the evolution of carbide formation through the intermediate stages of thermal treatments. Fig. 2 shows the XRD spectra from: (a) the as deposited Cr layer on the graphite substrate, (b) the post annealed Cr/C at 700 o C for 1 h and (c) the post annealed Cr/C undergone the thermal cycle employed for the brazing process (BTC). For comparison, the XRD spectrum of the graphite substrate is presented at the bottom of Fig. 2 . The strong (110) and (200) chromium peaks (Fig. 2a) show the polycrystalline structure of the as deposited film. There is no indication of carbide formation during the deposition and this would be expected as the deposition temperature was around 70 
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XRD spectrum of the Cr/C sample, which was heat treated according to the BTC (Fig. 1) , shows a coexistence of the Cr 7 C 3 and Cr 3 C 2 phases and that all the Cr has been transformed to carbides (the strong Cr Bragg peaks are not observed). SEM analysis of the cross section of the as deposited Cr films shows that the Cr layer follows the graphite substrate roughness and it is almost continuous. The heat treatment at 700 o C does not destroy the good surface coverage and no diffusion of Cr to C or vice versa is observed. On the contrary, the BTC heat treatment results in a strong C diffusion to the Cr layer and to the formation of chromium carbides as it has been found by the XRD measurements. Also some diffusion of the Cr to the graphite substrate is observed presumably through the graphite open channels.
The Cr/C structure (deposited Cr and annealed for 1 h at 700 o C) was brazed to a Nimonic 105 alloy using the TiCuSil filler metal and the brazing process as depicted in Fig. 1 . From the SEM image of the cross section of the brazed sample, we observe a successful joining and interfaces free of cracks or other voids (Fig. 3) . Also diffusion (up to around 50 µm) of the metallic elements of the filler and the deposited chromium into the graphite is observed (Fig. 4) . As the brazing has been performed at a temperature where the filler metal is in a liquid form (T liq =900 o C), we have to assume that a mass transport of the filler metallic species through the graphite channels and up to its open pores (Fig. 4) has occurred.
Through this mass transport of the liquid filler, the Cr on the graphite surface, not being transformed to chromium carbide, is carried away up to the graphite pores (Fig. 6) . During the slow cooling down (1 o C/min) from the brazing temperature, the filler metals, which have not been transported to the graphite (or to the Nimonic) and remaining at the graphite surface, are separated and form a well defined layered structure (Fig. 5) . The remaining filler between the graphite and the Nimonic alloy has been depleted mainly from Ti. The Ti, having the highest melting temperature, has been separated from the Ag and forms a distinctive layer. The Ti layer is followed by a Ag layer which remains on the top of the chromium carbide layer. The same separation of the filler metals takes place inside the pores (Fig. 6) . A thin layer (50 nm) of chromium directly coats the pores inner wall, followed by a thick layer (0.5-1 µm) of titanium. These layers trace the profile of the pore shell. The core of the pore is filled by the remaining transported metallic species, copper and silver. From EDS analysis of Cr/C samples thermally treated under the brazing thermal cycle, no extensive Cr diffusion into the graphite has been observed. This demonstrates that the filler metal in the liquefied state acts as an agent for the Cr to penetrate into the graphite. The Cr decorating the internal surface of the pores presumably has interacted with the graphite to form chromium carbides. At the Nimonic side an interface layer of about 40 µm thick, following the roughness of the Nimonic is formed (Fig. 7) . The interface layer is a mixture of Ti (from the filler) and elements from the Nimonic alloy 105 as Co, Al, Fe and Ni. Also separation of Cu, in the form of inclusions, from the filler alloy is observed. Mainly Ag and less Ti of the filler diffuses deep into the Nimonic alloy. 

Conclusions
A Nimonic 105 superalloy has been successfully brazed to a graphite sheet using a commercial TiCuSil paste. The interfaces between both the graphite/filler and the filler/Nimonic are free of structural imperfections such as interfacial microvoids and cracks. The graphite sheet before brazing was metallized by a sputtered Cr layer and subsequently annealed in order to develop a suitable structure. Part of the filler, which is in liquid form at the brazing temperature, was mass transported into the graphite substrate up to a depth of 50 µm, filling its open pores. In both the graphite interface and inside its pores a layered structure of the filler metallic species and the Cr has been observed. The layered structures inside the pores exhibits an increasing CTE from the pore wall to its centre. The same CTE gradient is observed at the filler/graphite interface. This offers an additional advantage for high temperature applications. The microstructurally sound joint produced in this study proposes an exploitable route for technological applications and mainly in the development of optimized bonding processes of carbon-based composites to metallic components.
